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Supcmnttgens (SAGs) axe a cbss of Hnmuootfinmhtory And disc^^»sir>& 
protein* ofbeatem) or viral origin >vith the ability to achate large fractions 
(5-20%) of the T cell population. Activation rcquiiefr simuJlauccti* interaction 
of the SAG witn the Vi* domain of the T cefl receptor (TOR) and with major 
histocompatibility complex (MHC) ckt« JI jnoJecuteson the surface of on antigen- 
presenting cell, Rtt*Madta»cesfokr;ow]cd&cof^ etrocture 
of bacterial SAGS, and of Iheir cOropteacfi with MHC clws 11 nucules and the 
TC& fi cbain, provide a faroewic for understanding the molccuJ w basis of T cell 
activation by these potent mitogens, These structure* aton$ with those of TCR* 
pspiidc/MHC complexes reveal how SAG* circumvent the normal mechanism 
for T eel! 'activation by peptidc/MW C tod bow they tfiicoulatc T ceUs expressing 
TC& p drains fiwis ntimW of diftewni families, resulting m polyclonal Tcclt 
activaiton. tlic crystal $trvctwcs alto provide m*i$)»5 into the ixwis for tfte 
specificity of different SAG? for particular ICR, fi d?a>ni, and for the observed 
iufluenco of the TCR <* chain on SAG reactivity, Thwc sfcriics open the way lo 
the design of SAG variant* with altered bMm$ properties forTCRandMHCfor 
use as tools in dissecans m*eturi><ictiviiy rctationsWps in this system 
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INTRODUCTION 

T lymphocytes recognize a wide variety of antigens through highly diverse cell- 
surface glycoproteins known as Tee)! rcecptors (TCIU), These disulfide-linked 
licJerod imm arc composed of a and 0 > or y and $ , chains that have variable (V) 
and coastem (C) regions thai are sk-uctuttiiy homologous to those of antibodies 
(U 2), Unlike antibodies, however, which recognke antigen alone, «yS TCRs 
rccogn Uc antigen only in the form of peptide? bouftd to major histocompau bil ity 
complex (MIIQ molecules. In addition, TCRs interact with a class of viral or 
bacterial proteins known as supcranlige&s (SAG$), which stimulate T ccjls 
bearing particular V/3 clement, resulting in the massive release of T cell- 
derived cytokine such as iutcrlcukm ()L)-2 and tumor necrosis fector (XW) &, 
generally Mfo\vcd by the eventual disappearance or inactjvatkw of responding 
T cells (3-4), Activation of the T cell requires simultaneous interaction of (he 
SAG with The TCR and with MHC class IT molecules on an antigc^prcsenuug 
eel) (AFC). 

The best-chwadcrized group of SAO* belongs to the so-called pyrogenic 
toxin SAO family, which irjoJudet? the staphylococcal cntcnotoxins (5E)A 
through I (execpt F)> staphylococcal toxic sliock syndrome toxin- 1 (TSST-J), 
slreptoeoeea! supcrantigen ($SA)> and streptococcal pyrogenic exotoxins 
(SPH)A-C and -F <o-S). These bacterial SAGs have in common Ike following 
characteristics: {*) they we among the most potent pyrogens known, (b) they 
are all capable of inducing a highly lethal toxic shock syndrome, and (c) they 
share a typical three-dimensional structure consisting of two domains, termed 
large and small. The small domain is a /J-barrcl made up of two fi -sheets, 
whereas the large domain contains a -grasp motif, an a -helix packed against a 
mixed £-shcet that connects the peripheral strands (9-16), Nevertheless, each 
of these molecules has unique biological properties and stimulates the prolifer- 
ation of T cells with different regions. Among their biological effects, the 
staphylococcal cnterotoxlns are characterised by their ability to induce cmesis 
and diairhca, whereat TSST-i lacks emetic activity. The streptococcal toxins 
do not cause enteric problems but they are associated with careholoxicUy, The 
level of sequence homology bchveen the pyrogenio toxins varies widely, and 
they can be divided into groupG based on sequence similarities. The highest 
degree of homology is achieved by SEA, SED, and SEE (between S3-$J%), 
followed by the group of $EB T the $EC% SPBA, end $$A, with 50-66% of 
sequence homology; All ihe rest, including $PEB, SPEC, SPJBF, and TSST-J, 
have poor or no homology to any other toxin, or to each other. 

Bacteria) SAGs that do not belong to the pyogenic toxin femtly include the 
staphylococcal exfoliative toxins (£T) A and B (17, IS), Mycoplasma vrthrU 
U4is mitogen (MAM) (19). and Wwa ptoudotobaivubsisi mitogen (20 r 2l). 
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Among superantigenk prolcias of viral origin, on}y mouse roaroinary tumor 
virus (MMTV)^ucoded SAGs have been defined to detail (22). It has been 
demonstrated thai mouse Mis endogenous SAGs arcarcoded by MMTV provi- 
ral that has been integrated into the gcnnline, dcrconsuafiag a iinJk be- 
tween endogenous SAGs and infectious agents. Other reports have shown 
supcrantigenic activity by the rabies vims nuclcocnpsid protein (23) and by 
two human tumor viruses, cytomegalovirus (24) and SpstcSn-Barr virus (25). 
Recently, the envdope gene of an endogenous human retrovirus isolated from 
pancreatic islets was shown to encode an MSCclas!; IT-dcpcndcnl SAG specific 
for V pi (26). 

The past four years have witnessed a remarkable scries of advances in knowl- 
edge of the three-dimensional structure of TCRs (?,7~32) and of their complexes 
withpeptidc/MWC<3*-35) and SAGs (36* 37), to ihis review, we focusonTCft- 
SAG interactions and describe current understanding of the structural basis of 
T ceil aelivatiou by SAGs, After giving an overview of ihc biolojfcaUffccts c f 
bactcriRl and viral SAGs> we discuss the affinity and kinetics of TCR and MHC 
binding to these molecules. We then describe the thrcc^tmcnsicn&l structures 
of MHC-SAG and TCR chain-SAG complexes. These structures, along widi 
those of TCR-pepiide/MHC complexes, reveal how SAGs circumvent the nor- 
mal mechanism for T cell activation by pc^iidc/MHC and how ibey stimulate 
T ceils expressing TCR fi chains from a number of different families, resulting 
Jn polyclonal ? cell aeUv&licn, Finally, we discuss the structural basis for the 
specificity of different SAG* for particular TCH fl chains and for the observed 
influence of die TCR « chain on SAG reactivity, 

BIOLOGICAL EFFECTS OF SUPERANTIGENS 

T Cell Anergy and Deletion 

The specificity of interaction of SAGs with the V0 domain of the TCR has 
provided a unique opportunity to examine the falc of reactive T cell* in vivo 
independently of functional mays. Such studies have revealed that responding 
T cells can proliferate, become nonresponsivc (energy), or even die (deletion) 
(3$, 39), In the in vivo recognition of endogenous SAGs, intratbymic deletion 
in V/3 -specific subsets occtu* at the double-positive (CM*, CDS 4 ') stage of 
development, and deletion is correspondingly apparent in both IhcmalurcQM 4, 
and CDS* subsets (40-42). In the case of exogenous SAGs, an early report 
showed that mice injected from birth with SEB virtually lack V/O* and 
mature thymocytes, giving the first formal demonstration that clonal deletion 
can accompany induced tolerance to a foreign antigen (43), Subsequent studies 
confirmed this rcponand showed that in adult mice, SES-speciffcroauucTcclls 
can, after an initial expansion, be rendered anergic in both in vivo and in vitro 
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models (44,45). Moreover, S£8-induced death of V^S* cells is independent 
of an intatttbyimis, because it also occurs in adult Ihymectomked animals (46), 
The presence of a SAG in the MMTV genome can guarantee the existence 
of activeiy dividing populations of T swid B cells trough the ability of foe SAG 
to stimulate T cells, and, thus, lei the virus complete its replication cycle (22). 
This was confirrncd using mice transgenic for the MMTV (C3H) gene 
(47), the SAG-mcdiafcd deletion of Vfi 1 4 + T cells during early life conferred 
resistance to infection to these mice. Similar results were observed for a dif- 
ferent exogenous MMTV, ca lied $ W, where the corresponding SAG Nimulale* 
Vfltf- cells (4$), Because MMTV infection occurs during the shaping of the 
immune repertoire in neonatal life and because infection is persistent, there fs a 
gradual deletion of S AG-reactive T cells (49), Finally, &cre h no evidence for 
a SAG^independent pathway of MMTV transmission, and only MMTV with 
function! s<tg genes Cat) be transmitted Uuough milk (50, 5 i ), Once the SAG is 
stabiy integrated into the mouse genome, \\ can be inherited by successive gen- 
erations. When expressed ondogenously, it causes deletion of cognate T celts 
and prevents a reinfection with the sarae strain of virus that produces the SAG 
(47 M). 

Toxic Shock Syndivme and Food Poisoning 
ToJtie shock syndrome (TSS) is an acute, lifc-thrcatcning intoxication charac- 
terized by high fever,, hypotension, rash, multiorgan dysfunction, and cutaneous 
devastation that le caused by stepbylococca! or streptococcal pyrogente tox- 
ins (6, 52-54). The inaction of the pyrogenic toxins with TCR swa" MHC 
activates both the X cell, for secretion of TNF& and y interferon* and the 
APC t for secretion of TNF<* and IL-1. The resulting massive cytokine release 
is believed to be responsible for capillary leak and hypotension, and it is also 
likely to cause the erythema tons rash in TSS patients (52, 54), 

Staphylococci cntcrotoxins are among the most common causes of food 
poisoning in humans, It has becu suggested that the cntctotoxic effect arc 
dircctiy related to their sup&rantigcnic activity, i.c, dependent on T cell stiron- 
lation and probably caused by massive cytokine release (3, 6), However, $omc 
evidence Suggests that the emetic and Teelt proliferative activities of (he toxins 
may be distinct (3, 55-57). In fact, Ihc Induction of emcsis has been attributed 
to leukotriene or histamine release (58), H has been shown that SEB and SEA 
con rapidly cross an cpi&cHal membrane in intact, fully functional form k tbns 
gaining access to T cells. On the contrary, TSST-J, which jacks emetic activ- 
ity, although sbie to transcytose epithelium, may be more easily destroyed by 
digestive enzymes in the stomach and intestine (59), Thus, the ability to cause 
cnterctoxicity may be related to the resistance lo digestion of the eHterofOxins, 
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Autoimmune Diseases 

In Quiojmnumcdi^sci5,abrcak<$cvwttof5clf-tol<>raiicc leads to the genemttonof 
an immune responrcagamst a specific target anl igen or antigens, A large body 
of clinics! and epidemiological evidence indicates that infections arc important 
in the induction of autoimmune disorders such as autoimmune myocarditis (60) 
and msuiin-dependent diabetes mcllitus (61), One mechanism by which this 
has long been (bought to occur is through the action of autoreactive T celts 
by epitopes on roiexobiaf eoligcos that are cross-reactive y\ ft anligcns on targcl 
organs (62), Por example, a number of viral and bacterial peptides have been 
identified that efficiently activate myelin baste protein (MBP)-specific T eel) 
clones from multiple sclorosis (MS) patients (63^4), More recently, it has been 
proposed that SAGs derived from bacteria, mycoplasma, or viruses may initiate 
autoimmune disease by activating specific a ufi-sclf T cell ctoncs(3, (55), Indeed, 
microbial SAOs have been shown lo trigger clinical relapses of autoimmune 
disease in several animal models, as discussed bcio*', Tbccxpansion of selected 
V/J families in mcaflecled organs orpcriphcral blood of certain ind ividuafewitb. 
auto5mmt3nediseaseba5aisobccndocum0^ed(3^5), However, it isa common 
observation mat di rfcrcn I TCR repertoire stud ics of thesamc d iscasc can provide 
different results (66), Even when it is unlikely that SAGA by themselves initiate 
an autoimmune disease (65), they may modulate disease pathogenesis. In 
susceptible individuals, Ibe activation of autoreactive T cells is a necessary, 
but net sufficient, condition for the development of en autoimmune disease. A 
su&cient degree of clonal expansion of autoreactive T cells may be a major 
limiting factor, and SAGs may induce such an expansion. Alternatively, <hc 
scttvafiou of B lymphocytes and olbcr A PC through the SAG bridge may lead to 
thesccretion of autoantibodies and intcrlcukins that contribute to inflammation. 

Evidence fbr an autoimmune origin of MS comes from (<*) the presence of 
CD4* T ceils and cells expressing MHC class H molecules in inflamed tissues 
(67), <£} Ibc finding that MS is associated with certain MITCclaOT JI alleles (<&), 
and (c) Ihc demonstration that MBP-spccific T cells are cion&Hy expanded in 
MS patients (69-72), In experimental autoimmune encephalomyelitis (EAE), 
a model for MS, adminisutfionof SBB to ?UI mice following immunimion 
with a peptide derived from MBP (AcM I) was found to induce paralysis in 
mice with subclinical disease and to trigger relapses in micelbal aie in remission 
following an initial episode of paralysis (73-75). U was shown lhatthesfc effects 
are the direct result of stimulation by SHB of V/?$-exprcssing enccpha]ito£cnic 
t cells specific for MBP AcM I 

An analysis of Ihc TCR 8 chain repertoire of synovial T cells from rheuma- 
toid arthritis (RA) patient revealed a selective expansion of V/H^bcarv 
mg T celts compared with the levels in the peripheral blood of toe same 
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individuate (7$), A mechanism tor the pathogenesis of RA wa? proposed in 
which a microbial SAO activates disease-mediating V£ 1 4* T cells arid all cm 
those activated cell* to enter Ihc s^ncpvidl (issue, where they persist because of 
reactivation by autoantigens, In collagen K-induccd arthritis (CJA), a model 
for RA> mice arc immunized with native porcine type II collagen and develop 
joint swelling. U has been demonstrated that T cells expressing V08 ale im- 
portant in the development of OA (77-80) and that adnrini ^ration of SH8 10 
days prior to a collagen U challenge protects mice from CIA (81). In botb 
EAE and CIA, *e response io sclfrmtigcns is controlled by a potent rcjm* 
latory T cell circuitry based on recognition of different dctciminants derived 
from the TCft V/?8 2 chain (81-33), The SAG MAM> which derives from a 
naturally occurring mouse ailhritogcmc mycoplasma, activates V/?$ + T cells. 
Administration of MAM has been shown to markedly exacerbate arthritis in 
mice that were convalescent &om CIA, or to trigger arthritis in animals previa 
ously immunised witii colfo$&n K but that bad failed to develop clinical disease 

Insulin-dependent diabetes rnejtttus (CDDM) is afl autoimmune disease af- 
fecting pancreatic /} cells that secrete insulin, A relationship between viral 
infection* and the development of IDDM has been long suspected <84). An 
analysis of pancreatic islcMufiftraling I cells from patients with IDDM re- 
vealed preferential expression of the V/tf gene segment, but no Selection for 
particular Vw segments or Vft-DJfl junctional sequences (35,86). This led 
to (he proposal (hat a SAO associated with pancreatic islcte may be involved 
in the pathogenesis of 3DDM, This putative SAG was recently identified by 
Conrad ei al {26), who isoJatcd a novel human endogenous retrovirus from su- 
pematants of IDPM islets and showed that the envelope gene encodes an MHC 
class U-dcpendcnt SAG specific for V/37, 

Kawasaki disease (KD) is an acute febrile illness wi(b symptoms similar to 
toxic shock syndrome. Seven*) «<udic$ have revealed a significantly elevated 
level of circulating and, to a lesser ctfcnf, V08J H T cells in patients 
will* acute KD, compared with control populations (£7-90), Sequencing of 
these p chains revealed extensive junctional region diversity, whicii suggests 
activation by SAG and not a specific di?ease>&sscciatcd awificn. Bacteria* 
producing toxins that activate VjJ2* T cells (TSST-l and were 
isolated torn 13 out of i$ KD patients but only I out of 15 in the control group 
(95), Nevertheless, other groupswere not able to document the expansion of any 
Vfi femily during the acute phase of KD (92,93). Differences in populalion 
studied, method and lime of collecting samples, and techniques used eouB 
potentially explain the differences in results. Alternatively, die expansion of 
selected Vfl fentrilics may not be related to the pathogenesis of the disease 



T CEJX ACTIVATION BY SUPERANTIGBtfS 441 



Skin Diseases 

The staphylococcal towns ETA and ETB induce the symptoms associated with 
staptyloeoccal scalded skin syndrome, characterised l>y a specific ittlracpidcr- 
mal separation ofteymof theskin (95), X^ycr>'StaUogiaphic$tydwOfETA 
have shown that its overall structure is similar to that of the chyuwtrypsin-likc 
serine protease family of cnfcynics (17 J$), The catalytic triad deludes (be 
residue Scfl95 > which when mutated to cysteine abolishes the characteristic 
separation of epidermal layers, although the ability to induce T cell prolifera- 
tion is not altered (17,96), These fadings suggest that skin separation is the 
result of a specific proteolysis by ETA r and not related to its supcrantigenic 
activity; the latter is probably involved in the ederoa or redness associated with 
scalded skin syndrome. 

Psoriasis is a disease characterized by increased proJifcratioa of epidermal 
cells associated with an inflammatory component Patients with acute guUate 
psoriasis often have flares of psoriasis following streptococcal infections (97). 
Histological examination of early skin lesions shows that inJSItralion of lym- 
phocytes and macrophages into the skin precedes the characteristic epidermal 
proliferation of psoriasis. The predominant distribution of V/?3- P and 
V/)5-bcaring T cells in Icsional skin of acme gultete psoriasis has been dc- 
scribed (9JM00). However, there arc conflicting reports about the restricted 
T coll receptor repertoire in chronic psoriasis (9ft, 101), and no increase in 
SAG-producwg StaptiykmsGus atmus has been seen in chronic psoriatic pa- 
tients (102), It is unlikely, then, tltat SAGs are essential to the continuance of 
psoriasis, although they may be cxaccrboCin$ factors or triggers for <hc disease. 

Atopic dermatitis is a chronic pruritic inflammation of the skin characterised 
by local infiltration of monocytes and lymphocytes, mast cell degranuteiion, 
and immediate and delayed hypcrscnsitivfcy (103). There are numerous reports 
thai S. aureus can exacerbate this disease, and £ mrmts was isolated from the 
affected sktoof more tfcan9P% of patients (104). More than half of thepatienls 
. had $. aureus that secreted SEA, S6B, and TSST-1 (105), Sera from 57% 
of atopic dermal ins patienls contained jmmuiityglobuUtt B specific for one or 
more of these SAGs. Thus, cpicutancous supcraniigenic toxins might induce 
specific immunoglobulin E in atopic dermatitis palicnts, as well as mast cell 
dcg/anuteiion. 



AFFMTY AND KINETICS OF TCR BINDING 
TO SUPERANTIGENS 

Oaseoigne & Ames first demonstrated direct binding of a soluble TCR fi chain 
(mouse to SEA presented by MtiC claw H molecules on cells (10$), 
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However, the affinity was <oo low to be measured to their cen*bmding assay. 
More recently, (he development of surface plasmon resonance techniques for 
detecting ra3croTOoIccufarin^raciion${l07) has permitted thcprccisc measure* 
rocnt of kinetic and affinity constants for TCR binding to SAGs, as well as to 
pcptidc/MHC complexes (10?). By this method, a soluble human TCR (V/J3, 1) 
was found to bind immobilized SEB in the absence ofMHC class H molecules 
with a dissociation constant of 0,8 the on-ratc (ko a ) of the interaction 
was 1.3 x 10* MT ; and the off-rate </r off ) LI x 10~* r ' (109), Specific 
binding of soluble *4,3,d TCR fi chain (mouse V/J8,2) was demonstrated to 
SEB, SECl t S£C2, SEC3, and SPEA> cogent will) the Jmown proliferative 
effects of these SAG* on T cells expressing Vy?8,2 (UO), In contrast, SBA, 
which docs not simulate V/J8,2-bearing ceils, did not bind the recombinant 
ft chain, Affinities ranged from 3 fiU for SEC3 to HO ttM for SHB; and 
A^werc too fast to be accurately measured, but were estimated at > 10 s M 1 * 1 s~ 1 
and>(Ua~ l , respectively (110, 11 1), Tbcu&paircd £ chain was shown to futly 
retain the SAG-binding acuViiy of the assembled 14,3,d vfi TCRhclcrcdimcr 
(110), A K$ of 1,1 /iU was measured for the binding of SEC2 to the mouse 
DiO TCR (^8,2), with a \ n of I J x 10* s-'andaA^ofl^x 10"* jt 1 
(U2), These values closely resemble those for the interaction of D 10 TCR with 
its cognate pcptidc/MHC class U Jigand, which has a K, } of %A /xM and a k^ n 
ftndfttfrOfl.O x 10" M^ 3 s- ] and 2.2 * XT**" 1 , respectively (U2)> 

In each of the above examples, TCR-SAO binding is characterized by low 
affinities (> Mr* M) emd very ftst and {> 10< M" ' s w ' and > 1 0"* s' ? , 
respectively), ft is noteworthy that low affinities snd rapid dissociation kind* 
ies have also been reported for the interaction Of other T cell surface #ly- 
coprotcins with their Jigands, such as the adhesion molecule CD2 with CD48 
(113, 1 14). lnparucu!ar,mcaffinit^ M) 
are remarkably similar to those reported for die binding of TCRs to specific 
pcptidc/MHC complexes (10~M<r 7 M) (11 Ml 7) and arc much weaker than 
those of nnri^n-antibody reaction* (typically KrMo-' 1 M). to Ihe case of 
adhesion molecules fcst dissociation rates may feciKtatcdcadhcsion, a require- 
ment for ceil motility (IB), In the cafcc of TCRs> rapid oST-rttcs may permit 
a single pep»de/MHC comply to sequentially bind and trigger a large num. 
bcr of TCRs (up to 2QQ), as proposed in the serial triggering (1 1 8, 119) and 
kinetic proofreading (1 20) models of T cell activation, Until a certain activation 
threshold reached. The finding thai the binding of bacterial SAGs to the 
TCR is characterised by low affinities and fast dissociation kinetics suggests 
that SAGs mimic the interaction of pcptidcfltfBC cotnplexcs with the TCR in 
terms of afilnity and kinetics and that some form of serial engagement may also 
operate in T cell activation by SAGs (1 1 l T J 19, S21), 

The relationship between (be affmiry of SAGs for TCR and MHC and their 
ability to activate T cells has been investigated using site-directed mutants of 
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SEC3 and SEB (III). In order to mimic nonnal physiological conditions 
3s closely as possible, resting lymph node T ceils bearing ihc !4,3,d TCR 
from RAG-2~'~ TCR transonic mice were used co measure the stimulatory 
effects of mutant SAGs on BAlB/c splceu cells expressing F-E* or on MHC 
class ft-ncgative mouse fibroblasts transfected wilb a gene encoding human 
leukocyte antigen (HLA)-DRl, A dear and simple relationship was obscivcd 
between (he affinity of SAGs for the TCR and their mitogenic potency: the 
tighter the binding of a particular mutant of SEC3 or SEB to the TCR fl chain, 
the greater its ability to stimulate T cells. The affinities of the SAGs tested 
ranged (torn 3,5 #M to >250 aM. Hbwcwr, an apparent exception to this 
simple aflimiy-actfvUy rule was the finding that SEB Simulated transgenic 
T ceils about 10 -fold better than did SEC3, even though the affinity of SEB 
for the TCR p chain (140 is much lower than that of SEC3 (1 1 1), To 
determine whether the surprisingly strong rmlogcnio potency of SEB relative 
to SEC3 could be attributed to lighter binding to MHC class U on APC, the 
binding of SEB and SEC3 to soluble recombinant HLA-DR1 was measured 
by sedimentation equilibrium; Whereas SBB bound to PR} with a K p of 
14 /xM> the corresponding value for 5EC3 was 48 /<r.M, Therefore, the un- 
expectedly high mitogeme potency of SEB relative to SEC3 can be explained 
by the stronger binding of SEB to MHC class U. This indicates that milogenio 
potency is the result of an interplay between TCR-S AG and SAG-MHC interac- 
tions, such that a relatively small (ihrccfotd) increase in the affinity of a SAG for 
MHC ean overcome a large (3 5 -fold) decrease in the affinity of a SAG for Ihc 
TCR 

With Ihc apparent affinities of SAGs for both TCR and MHC class H mole- 
cules in the rnieromolar range, nearly aji SAG molecules will be unbound at 
physiological SAG concentrations (10" , MO'" ,5 M)<i2i). Under these condi- 
tion$» it is difficult (o underslaud how a SAG can effectively cross- Jink die T cell 
and APC The problem is seemingly less severe for pcplidc/MHC because the 
peptide is, in effect, irreversibly bound to MHC. One possible explanation for 
the ability of SAGs to trigger T ceils at concentrations ordcis of magnitude 
less than their js thai accessory molecules such as CD4 help stabilise the 
TCR-SAG-MHC complex sufficiently for activation to occur. Another is feat 
the overall stability of the TCR-SAG^MHC coroplc* is considerably greater 
than would be expected from considering Ihc TCR-SAG and SAG-MHC in- 
teractions independently. That is, the biiriing of SAGs may be a cooperative 
process in which the SAG-MHC complex binds the TCR wilh greater affin- 
ity than does tlic SAG alone. This hypothesis is supported by die finding 
that ibe affinity of SEB for & soluble human TCR ViTis significantly enlaced 
by the addition of soluble HLA-DRi (109), The potential role of the TCR 
a chain in stabilising the TCR-SAG-MHC complex is discussed in a later 
section. 
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STRUCTURE OF SUPE3RANTIGEN-MHC 
CLASS IT COMPLEXES 

Thcittrcc*dimcnsioriai strucmrcs of three SAO-MHC class n complexes have 
been determined by Wiley and colleagues: (o) the complex between SEB and 
HLA-DIU to 2,7^A resolution (1 22), (b) the complex between SEB and HLA- 
DR4 2.5-A solution (123), and (c) the complex between and HLA- 

DRl (o 3>A resolution (124), In the SEB-HLA-DRJ complex (Figure I/* 
(see color plates)), SEB binds to the «} domain of DRL contacting residues 
from the firs! and third turns Of the ^-sheet and flom the N-tcmwnal portion of 
the ohclix (122), The binding of SEB to DR4 is similar (123). The ability 
of SEB to bind many different DR alleles can therefore be explained by ils 
exclusive interaction with the DRl or chain, which is conserved in all DR 
molecules, Residua* of SEB in contact wiih DRl derive mainly from the 
small domain of the SAG r allhougk several residue? fiom die large domain also 
contact the DR* chain. SEB binds away from tbepeptidc-binding groove of 
PR I and does no! contaci the bound peptide. The affinity of SEB for DRl 
was reported as approximately 0.5 /*M in a cell-binding assay (125) and as 
) 4 tM usiiig soluble DRJ (11 I ), 

Although the TSST-1 binding site on BLA-DR1 overlaps that of SEB, the 
two SAOs bind differently (124). Whereas SEB binds primarily off one edge 
of the peptide-bwding groove (Figure W), TSST-1 extends over nearly half 
die binding groove and conlacls the o>helix of the 0:1 domain of DRl, the? 
bound peptide, and part of foeo/*hclix of the /J 1 domain of DRl (Figure J£), 
This binding mode suggests lhal the interaction of T^SST-1 with MHC class II 
molecules may be partially peptide dependent. In agreement with the crystal 
structure, certain peptides were found to promote the presentation of TSST-1 
by I*A b up to 5000-fold (126). In conla&t, the binding of SEB to I-A b and 
is peptide independent (12$, 1 27). 

Alfcough no cryrial structure* have been reported for. SEA coroplcxcd with 
MHC class 11 molecules, mutagenesis and binding studies have demonstrated 
that SEA possesses two distinct, yet cooperative, binding sites for class II 
molecules: (a)alo>v.nr}initysi!c(A:^ « 10~* M) to the DRl a chain analogous 
to Ihc DRl -binding site of SEB, aad (4) a Zn JH -dependent, Jrigh-amnity silc 
(Ko ~ 10~ 7 M) to tfie polymorphic DRl fl chain (127-129). Binding of one 
SEA molecule to the DRl fi chain enhances the binding of a second SEA 
molecule to IhcDRl cc chain (12$, 129). Surprisingly, mutations in (he Zt?*- 
dependent site completely abolish SEA actively, even though it can still bind 
the DRl (r chain through its low-affinity SES-like site. Th?s suggests that 
MHC crosS'linking on the sujfacc of AFC may be an essential feature of SEA 
function. This conclusion is supported by the demonstration that SEA^DRl 



Ribbon diagram of toe TSST^HU-DfrJ coropfcK (?24)< Co\m are follows: SEB {Mue)> 
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trimcrs exist in solution (130), as well as by the finding lhat SEA mediates 
signaling tltrou^b the APC by direct cf0ss4mking of DR1 molecules (13 l f 132). 
The high sequence identity between SEE and SEA (sec Fi&jrc 3,4) suggests 
that they may bind class U molecules similarly. Two additional SAGs have 
been described that cross- link class [I molecules, bul by different mechanisms 
than SEA- The crystal strocturc of SED chows thai this SAG forms dirncrft in 
die presence of Zn a + by coordinating hvo Zn 2 + ions between the large domains 
of Wo SED molecule* (15). Binding to MHC class n molecules is believed to 
occur dirough the small domain to the class TI a chain in a manner similar (o 
SEB, nwuHins in a tcttamcric class I! <*~SED-SED-class II cc complcjc on the 
A?C» Tbc three-dimensional structure of SPEC rcvca?s tlwrt the cla$s II « chain- 
bind ing sire on the small domain has been replaced by SPBC dimer interface 
(1 6), Instead^ SPEC binds only to the class II /? chain. This could potentially 
lead to tbc formation of class II 0-SPEC-SPEO-ctess II /? lelramcrs. Dimcric 
SAGs like SED and SPEC may facilitate ICR dimerization end subsequent 
tceil triggering. 

Endogenous SAG* encoded by MMTV can be efficiently presented to T ceils 
only by B cells, through interaction with MOHC elass II molecules (22), Al- 
though direct binding has been demonstrated between recombinant forms of 
MMTV SAOs and MHC el ass H molecules (133, 134), the interaction remains 
poorly understood, I-E molecules are the best presenters for all the described 
MMTV SAGs (135). In addition, C57BL mice Ibai lack l-E molecule, and 
thus arc not able 10 present SAG lo T cells, are resistant to mtUobcrnc MMTV 
(C3H) (136), Analysis of clas& II mutants that lost the ability to present bac- 
terial SAGs revealed that bacterial SAGs have different binding requirements 
than do MMTV SAGs (137), Another study showcd> however, an overlap in 
at least One binding site for MMTV and SEA on the MHC molecule (138). 
Recently it was shown Ibai N-linkcd glycosylate is required for effective B 
cdl presentation of MMTV SAGs lo T cells (139). 

STRUCTUJIE OF TCR p CHAIN-SUPER ANTIGEN 
COMPLEXES 

The ihrec^imeiiwona I stwetures of several TCR ^ chain^SAG complexes have 
been determined to date, each involving the VflCfl chain of the mouse M,3.d 
TCR specific for a hemagglutinin peptide of Mucjwa virus bound by the 
class U molecule; (a) tiio complex between the $ chain and SEC2 to 
resolution (36), (fr) the complex with SEC3 to 3,5-A resolution (3v), 
(c) the complex wilh SEB to 2A-A resolution (37), and (d) decomplex with 
a mutant of SEB in which valine at position 2d is replaced by tyrosine (SEE 
V26Y) to 2,<>-A resolution (37), The SEB V2<5Y mutant was designed on the 
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basis of the structure of the TCR complex to bind the p chain more 

tigbdy than wild-type SEB: Its /C<> is 12 (My approximately 12 limes lower 
than that of SEB (jfy « 140 /iM), but still four limes higher than (hat Of SEC3 
{£& * 3 /iM) <H !}► The iramuit is fourfold more active in T cell proliferation 
assays than is wild-type SEB, consistent wilh its enhanced affinity. 

The crystal slnictacsof theTCR0~SEC2/3 complexes identified thcrcgions 
of (he cheiu recogn ized by SEC and showed how S AGs circumvent Ihc normal 
mechanism forTcdl activation by specjfiepcptidc/MI?Ccomp1cxes, However, 
the moderate resolution of these simcturcs (3,5 A) precluded a detailed analy^ 
sis of 4e intexfrce between the two proteins in terms of hydrogen bonds, van 
der Waate interactions, arid solvent structure. To achieve a more complete 
description of a fi-SAQ interface, as well as to assess whether cortfcrmatJonal 
change? occur in either or both proteins upon complex formation, the structures 
of the complexes between die 14«3d ft chain and SEB and SEB V26Y were 
determined to high resolution (37). These Structures* along with those of up 
TCR hctcrodirncfs (29-31) and TCR-peptidtfMHC complexes (33-35), can 
account for the specificity of different SAG* for particular fi chains and for the 
influence of the TCR & chain on SAG reactivity (5, M<M42>. 

Overall Struc ture of the TCR P-SBB crnd TCR 
USEC Complexes 

The overall structure of the £~SEB complex is shown in Figure 2A (sec color 
plates). The complex is formed through conlacls between the W0 domain and 
the small and large domains of SEB. The coroplomcntarily'dclcrmining region 
(CDR)2 Of the TCR chain and, to Icsscrcxients, bypcrvariable region (ITV)4 
and framework regions (FR)2 and -3 bind in the cleft between the two domains 
of the SAG (37), This binding mode i$ siini lar to thai observed in the fl -SEC2 and 
/7-SEC3 complexes (3$), butwilh several difference}?, as discussed below, SBC2 
and SEC3 bind idcnticaliy to die K3,d ft chain, and none of the four annuo 
add differences between SEC2 and SEC3 is located in the complex iuterfece, 
This is reflected in the of the two SAGs* which are bo* approximately 3 
MM. TbcTCR-bmdmg sites of SBC3 and SEB, in cdrMM, differ ot positions 
20, 26, and 91; these differences presumably account for the 45-fold weaker 
m uity of SEB for die 1 4,3 ,d fi chain (111). 

The sol vent- excluded surface area for foe 0-SEB complex is 1 34 3 A 2 (685 A* 
from V£ and 658 A 7 from SEB); the buried surface area for the 0 : SEC3 
complex is similar (1300 k l \ These values are within foe range observed 
for antigen-antibody complexes (143) but somewhat smaller than the approx- 
imately J 800 A* of buried surface in TCR-peptide/MBC complexes (33-35). 
As shown in Figure 24, thcTCR-bmding site of SEB is adjacent \o t but disSincl 
from, ito MHC-binding site of thb SAG (122, 123), This spatial proximity 



fifrft 2 TCfr 0*SEB complex, {A) Ribb«*4iijs*cft offo* ccratcx (37). Coloft 

ax as frnovffi Y/H OWfcw), C&ft J <fw*), CDR3 <r«d>, CDH3 Qj*^ HV4 (Uwl Cfl {Ik>w\ 
$SB S»r$c 4omrin <gr&») t wd SEB End) <fcfl>alft {blue), RwWuw of V# wxd Sfctt SnvxiKxd 
jnicrotfta* in U?c itw&fctc sjc red. Reside of S£B in wttiv* with MHC in ite 

wwiow of fcc SERBIA t>Hi Wfipte (MX) nrc ydlott T*c S£fc diidMc feop {Ks&t&qfU 
which « nw vfciofc in d*<lcctfon dervtf mapoflte coropta, jnexfefed *ocw£nR 10 
th* wtccwpJcxcd $£B crystal strucfciro (9). (5) lnKrcc(;wis (ft toe ioioftofc View is fte 
a* in jtoncMi V£ scorns arc colored rrcwdinflly Ip alom caifrwi, liltrogw and oxygen 
K(oms fire >tf/Aw w*d W h ixfif>tftf*cfy. SEB tfojns Ate cofaw* (large domain) and 
frfrc(^ft»<fom4;n). $£8 wy««w^iod";cak<iwi[hft«cr{sks. tfydro^b^rtc^^/WJwwr 
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suggests thai the I wo binding Site* may net be completely independent; that is, 
the affinity of the ICR for SEB alone may be low (or higher) than its a&niry 
for SEB bound to MHC class !! molecules. 

Structure of the fi-SEB and fi-SEC Interfaces 
The residue* in conla« with S£B arc bs follow?: Iii^47 of FR2; TyrSO, 
Ala52, Gly53, Serf*, and Ihr55 of CDR2; 01**56, Lys57, Tyr6S, LysGG, «<l 
Ala67 of Fft3; and Pro70 and Scr7i of HV4 (l^bJc 1). The FR2, CDR2> FR3, 
and J*V4 regions coftUibwe 7%, S0%, 34%, and 9%, respectively, of the total 
contacts to SEB. The crystal structure therefore readily accounts for mutational 
and gcactic evidence implicating Vfi CDR2 and HV4 in SAO recognition (3), 
In the 0-SEC3 complex (36), the Y/? residues in contact with the SAG arc as 
follows: lyrSO, AIa52, Gly53 r Scr54> and TbrSS of CDR2; Gfo56> Ly$57, and 
lysGC of FR3; And Pro70 and Scr7J of HV4 (Table I). TTie CDR2, FR3, and 
HV4 regions contribute 63%, 32%, and 7%, respectively, of the lolal contacts 
to SEC3, Tiros, aUhou&h there arc severa! diftorcuccs in contacting residues 
in the two complexes (e g- V0 FR2 His47, which contacts SEB bnl not SEC3, 
and V/S CDR2 Gly5l r which contacts SBC3 but not SEB), CDR2 and FR3 
account for the majority of interactions with the SAG in both complexes, with 
HV4 paying only a secondary role, The binding sites on thcTCR for SAG and 
pcplidc/MHC class I molecules only partiaUy overlap. As shown in Tabic J f 
only Vft residues TytSQ, A!a52> ThiSS, and Giu56 contact bath SEB and pcp- 
lidc/MHC in the 2C TCR-dEV8/B-2K* complex (34), 

The SAG residues in contact wid> V/5 are as follows: AsnSO, Ty*90, and 
Tytfl (Val»l in SBC3) of the small domain; ondThrlS, GlyJ9, Lctt20 (Thr20 
in SEC3), Glu22 (in /J-SEB only). Asn23, Tyr26 (in 0-SEC3 and /?-S£B V2cT 
only), PUe)77 (Phcl7<> in SEB), and Giu2i0 of the large domain (Tabic J). 
Residues Asn23, A$n&)> andTytfO arcshicliy conserved among bacterial SAGs 
reactive with mouse V08.2, including SEC1-3 and SM5A>*nrf hav$ been shown 
to constitute energetic tot spots Cor binding the 14.34 ft chain (1 1 1 ) (Figure 3A 7 
sec color). 

The structures of the /?-SEB and /7-SEC complexes cubHcih to widerslai>d 
how SEB and SEC, which nave nearly identical Vfi specificities, cart each 
stimulate T cells cxprc$sing V£ domains from a number of different families 
(3). As shown in Figure iff* all the hydrogen bond* betveen SEB and V/5 
are formed between SEB side-chain atoms and V/J main-chain atoms, except 
for a hydrogen bond between the main-chain oxygen of SEB ThrJS and lUc 
side chain ofVfi Lys57 (SEB Thrl* O^Nf LysS7 Vfi). Fonr of the mfn- 
chain-sidc- chain hydrogen bond? in the £-SEB complex arc also present in the 
0-SEC3 complex: Vfi Gfy53 0^2 Gln210 SEB t V/J ThrfS N-0$l Asn23 
SEB, Vfl ThrfS Omt Asn23 SEB>and V^?ro700^N52 Asn60SEB (Tal^c 1 ). 
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complex formation, as also noted for the complex (36). However, a 

number of adjustments Jn V/J and SAG side-chain positions arc evident when 
comparing the free and bound s<ruciures Of the 14,3.d 0 chain And SEE, Cer- 
tain of these change* are necessary to avoid stcric clashes between the TCR 
and SAG, whereas others probably mtvc to maximize productive interactions 
between the &v© proteins. For example, thesidecuaja ofSEB residue Tyt9l un- 
dergoes a 120* rotation away from V£ in order to avoid a collision with CDR2 
(37), The structural rearrangement* w Ac /5-SEB interface nrc of similar mag- 
nitude to those observed in antigen-antibody complexes in which the antigen is a 
protein (1 46, 147, 152> 153), They imply a limited "induced fif * mechanism for 
TCR-SAG recognition analogous to that described for antigen -antibody inter- 
action? (152, 154). A farther indication of flexibility in TCR-SAG association 
comes from the finding lUal the two £-SEB molecules in the asymmetric unit 
of the crystal, although similar, are not identical. A rotation of 6° is required to 
optimize the overlap between SEB molecules in the two complexes following 
superposition of their V£ domains (37). 

Tfee changes in the conformation of interface residues in the I4,3,d 
complex arc not as large as those in ti)c ?,C TCR-dEV8/H-2K* complex, in 
which the CDRI and CDR3 loops of the Vcr domain arc displaced 4M> A rela- 
tive (o their positions in tbe unligaiided 2C TCR suwwc (34). This probably 
indicates that the SACS has evolved to optimize its fit to the TCR. Indeed, cal- 
culation? of shape complementarity (155) reveal that die /?-SB8 ioter&c* is 
about as lighily packed bs antjgen*an«body interlaces but significantly more 
tigbtfy packed than TCR-pcptide/MHC class J interfaces (33, 34, 156), ft is im~ 
pojtant to emphasise, however; that, for both 2C TCR-d&V$/H-2K* and K3.d 
TCR /3-SBB complexes, the observed conformational Change? arc localized 
to the interfaces between the proteins and arc not tanwniUcd to the constant 
regions of the TCR, Thus, the possibility that changes in TQl conformation 
upon iigand binding am responsible for initiating T ccJUignaling can probably 
be tuicd out. Rather, mechanisms based on ligand-induccd TCR oligomcriza- 
(ion (157) arc more likely to account for T coif activation by peptidc/MIIC or 
SAGs- 

Structural Basis for rhe V^binding Specificity 
ofSEBwdSEC 

The tfmcliirc of the !4,3,d chain-SEB complex explains why SEB recog- 
nises certain Vfi families but not others. As discussed above, all the hydrogen 
bonds between SEB and mouse V/*8,2 arc formed between SfcB side chains 
and Vfi majn<hain atoms (Figure 2B t Table 1 ), such that the positions of these 
main-che in atoms should b t; similar in Vfl domains reactive with SEB but sigui f- 
ieantly different in Vfi* that do noibind this SAO. A comparison of V/J domains 
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of known ihrcc>dimcnstonal struciure confines this expectation, Thus, SEB 
activates T cells bearing mouse VfiK and human but not mouse V/J2 
or V/35 (3). When human V^I2.3 (33) is superposed onto mouse V/r8.2 
{Figure sec color platep), the RMS difference in a-caxbon positions for 14 
residues io the SEB>biudmg rite » only 0,9 A, However, when mouse V/?Z3 
(30) is superposed onto mouse Vfi&l (Figured theltMS difference is 3.0 A, 
This difference is largely attributable to a B^tudswitch m V02.3 relative to other 
V/l domains of Known structure: In V/32.3, the c" strand is hydrogen bonded to 
the d strand of tbe adjacent (outer) 0 sHoct, whereas in other V0s the c" strand 
is associated with the d sirand m the same (inner) sheet (27, 29,31,33). A con- 
sequence of the c" strand switch is a repositioning of CDR2 and FR3, which 
contribute $0% and 34%, respectively, of the total contacts lo SEBr It is interest- 
ing thai no bacterial or viral SAGs have been described with reactivity loward 
incmbersof the mouse V/32 family (3), consistent wfcb the unique folding apol- 
ogy of V/J13. Similarly, when mouse V05.2 (31) is superposed onto mouse 
(Figurc4Q, the RM$ difference in<**earbon portions forrcsiduesiathc 
SEB-birtding site is I A A, This difference is mainly attributable to b displace- 
ment of (he e" strand in a direction opposite from that of the c" atrand in Ihe 
mouse domain, which again results in a repositioning of CDR2 and 
FR3, Except for MAM, which reacts with mouse Vfl$>\, no SAOs specific 
for members of die mouse V/tf family have been reported (3). These results 
indicate dutt the relative position of the c" strand in V/3 domains is critical in 
determining their reactivity reward different microbial SAOs and suggesi dial 
V/ft reactive with SEB or SEC (mouse V/?3, 7, ) 0, and 1 7; human V/B, 5, 12 r 
1 3 p 1 4 P J 5, 1 7 r and 20) probably have a 0-strand topology in their SAO-bind ing 
sites similar to that of mouse V08.2, 

The structures of the /3-SEB and /?-SBC complex also explain why T cells 
expressing mouse VJS8.2 are stimulated by SEB, SBC1-3, and SPEA, but not 
by SEA, SEP, SEE, TSSt* I > or SPEC (3, 158), When SBQ (? 2) is superposed 
onto SEB (9), tbe KMS difference in or^arbon positions tor 1 1 residues in Ihe 
TCR-bindiog site is only 0,5 1 A (Figure 5A. see color plates), Although the 
three-dimensional structure of SPEA is not known, a sequence alignment with 
SEB and SEC reveals that it retains several key V/j<ontaciing residues, in par- 
ticular Asu<50, TyrPO, and Gln2i0 (Figure Aiauuu>scanniug mutagenesis 
Kfts shown tliat these three residues are hot spots for the binding of SEC3 to 
the 14,3.d 0 chain (III), in agreement with the fact that SAOs having other 
residues at these positions display different Vtf-binding specificities. Thus, 
SEA, SED, SEE, SPEC, and TSST-), which do not activate Vy38.2-bcaring 
T cct!s T differ ftom SEB at nearly all V/$ -contacting positions, in particular 90 
and 210 (Figure $A\ Furthermore, when SEA (14) is superposed onto SEB, 
iheHMS difference in 0-carbou positions for residues in the TCR-birading site 
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The importance of these conserved interactions 1o complex stabilisation is 
demonstrated by ihc Jteding that SEC3 mutants Aso23 Aia and GlxO. 10 
Ala bind the TCM chain 70-fold few tightly &a» docs the wild-type SAG, 
whereas SEC3 Astj60 Ala binds J6*foJd less tightly (1U)> A rccognifio3> 
mechanism involving a major role for rasing wn hydrogen bonds can be highly 
sequence independent, enabling SEB or SEC to recognize virtually any V/; do- 
main in which lite positions of ike relevant main-ch&in atoms arc close to those 
of mouse V/rt.2; a similar binding mode has been described forpcp;iiic/MHC 
complexes (IH 145), A sequence alignment of mouse and human V/J families 
reactive wi* SEB or SBC illustrates the diversity of amino acids that can be 
accommodated at V^-contactlng posilioas (Figure 30)* 

Four water molecules were found to form hydrogen bonds bridging V/J and 
SEB: Y/J Ala67 0-3feOOe2 <Jhi22 SEB, V/? TyrSO 0-H 2 O0 Tyr9J SBB, 
tyr65 (MlrfHW Asni7& S£B, and V£ Lysttf N<-S*0-N Phei77 SEB, 
Bound walcr molecules have also b&cn observed in the combining site of anti- 
bodies, where they act to increase complementarity in the interface with antigen 
(M6-MS). 

There arcnodircct contacts between SEB or SHCandVjg CDR3, which folds 
away from the SAO (Figure 2>* r Table 1); this is consistent with the finding (list 
bacterial and viral SAGs slimutato T cells expressing particular Vfi elements 
without obvious selection for V/? CDR3 length or sequence (3-5). However, 
this does not rule out the possibility teat, depending on its conformation, Wfi 
CD83 may in certain cases modulate SAG rcacliviiy, For example, when llie 
Vfi domain of TCR A<J (33) is superposed onto the 14,3.d Vfi domstn in the 
VJJQM5BB smielnxe, SEB TyxM is predicted \o contact Lcu9$ of A6 V£ 
CDRip located at Ihe tip of this long protruding loop (not shown). Similar in* 
tercet ions may explain the observed influence of V# CDR3 Tc&iducs on T cell 
reactivity toward MAM (MS) and mouse retroviral Mlv-9 SAG (150). Alter- 
naively, Ibese SAGs may bind the TCR in different orientations tl>an SEB. 
The Utter possibility is supported by the finding that reactivity to the mouse 
retroviral SAG Mla-1 is affected by mutations at Vfi positions 19, 20, and 24, 
which are not part of tlic interface with SEB or SBC {3, 4, 1 51 )- 

Conformational Changes in the TCR fi-SBB Interface 
The availability of higb-rc&oiul ion crystal structures for iwcomplcxcd \43Jifl 
chain (27) and $Efc (9) permits an assessment of whether any conJfermational 
changes occur in V# or &c SAG upon complex formation- The free and 
completed V£ domains superpose with a rocrt-incan-scjufcrc (RMS) difference 
of 0.33 A for all <*-carbou atoms, Ufccwfec, ihc Unbound and bound SEB 
molecules superpose with a RMS difference of 0,54 A. Thus, there arc no ma- 
jor rcjirrangements in the polypeptide backbones of Vfl or SHB associated with 
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is 2.8 A (Figure 55), As shown in Figures 5C and /> T the putative TCRrhinding 
sites of TSST-l <!0, 1 1) and SPEC (16) arc markedly different from that of 
SEB; this caw account for the finding that the V/J specificities of TSST4 and 
SPEC do not overlap with those of SEB or SBC (3), 

COMPARISON OF TCR-SAG-PEPTIDE/MHC 
AND TCR-PBPT1DE/MHC COMPLEXBS 

Although the ttecc^ intensions! structure of a TCft-$AG*pcptidc/MHC com- 
plex has not been determined, a model of this complex may be readily con- 
structed by least-squares supposition of {<z) the 143 A V/?C/3-SEB complex, 
(*) the SEB~pepijde/HLA-DR I complex (122), and (c) the 2C TCR otf hct- 
erodimcr (29), which uses the same V0 clement (mouse Vfl82) as docs J4.3-d 
TCR (Figure see color). The accuracy of ibis model, in which the SAG 
is seen to bridge the APC and the T cell, depeyds on the assumption that 
there axe no major conformational changes in any of the individual compo- 
nents upon complex formation; such change* are unlik&ly, given that none 
are observed in the TCR /J-SEB or SEBi>cptide/DRl complexes (37, 122), 
This model may be compared with the structure of the 2C TCR compJcxcd 
with pcptide/MKC class I (34) (Figures 6i? and C). Assuming thai TCRs 
bind MHC claps I and class H molecules in similar orientations, as recently 
argued on the basis of structural considerations (33), it is ^ppareitt that the 
binding of peptide/MHC to TCR in the XCR-pcptidc/MHC complex dtlftr- 
cnt from dtat in the TCR»SE8i>cptide^WHC complex and that there is only 
partial overlap bctwecu the binding sites on the TCR for SEB and for pep- 
Udc/MJ IC. In the TCR-pcpiidc/MHC complex (Figure 6B)> (he peptide anti- 
gen, as well as both the #1 and ot2 helices of (he class I molecule, simulta- 
neously engage the TCR combining site, By contrast, in the model of the 
TCR-SEB+pcptidc/MHC complex (Figure GA) r the peptide b effectively re- 
moved from the TCR combining site, and there are no direct contacts between 
the TCR 0 chain and the MHC class II<arl orfii (which corresponds to «2 in 
class I) helices, However^ as discussed below, the MSC fl I helix is predicted to 
interact with the TCR Vt* domain, In add i< ton, therolalional orientation of TCR 
and MHC molecules in the TCR-SEB-pcptide/MHC complex is different from 
that :n the TCR-peptide/MBC compicx (compare Figures <W and C, respec- 
lively, in which ihe TCRs arc shown in the saute orientation): The MHC class 
11 molecule in Figure 6A must be rotated approximately 40° counterclockwise 
armmd a vertical axis to align it with Ihe MHC class I molecule in Figure 6C. 
Therefore, even though the TCR engages pcptjde/MHC differently in the two 
types of complexes, the end result— highly cfficieniTccttscttotiou-Hs similar. 
This implies that die specific geometry of TCR engagement by pcptidc/MHC 
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may bo less critical than are other factors, such as the affinity and kinetics of 
the bindiag reaction, in triggering T cells* 

5y acting as a wedge between the TCR i? chain and the MHC clasp II or chain, 
the SAG is able to cicumvent the noma! mechanism for T eel! triggering by 
specific peplidc/MHC complexes, The result is polyclonal activation of whole 
populations of T ceils expressing particular^ elements, largely irrespective of 
the pcptidc/MHC specificity of the corresponding TCRs. The absence of direct 
contact? between pepridcand TCR in the model of thcTCR-SEB-pcptide/MHC 
claps U complex in Figure 6d can explain the finding that formation of a 
TCR SEB-DRi complex was not affected by the presence of several different 
DR J -bound peptides (109). However, depending on. the particular peptide 
bound by the MHC class n molecule, and on the conformations of the V« and 
Vy? CDR3 loops, the pcplidc way in certain cases make a small number of 
contact* wish (he TCR and so modulate SAG activity. 

It must be emphasized that other SAGs may bind differently *o TCR and/or 
MHC class II than does SEB or SBC, thereby affecting ti*e geometry of the 
TCR-SAG-pcptidc/MHC complex, tot the case of TSST- 1 bound to HLA-DR J 
(Figure IB), the SAG reaches across the aiitrgcft-bmding groove* such that 
pcplidoSAG and SAG-MHC /? chain interactions may ako contribute to com- 
plex stabilization (124), Furthermore, in contrast to SEE and SEC, (be mode 
of binding of TSST-1 to DR1 would probably also preclude direct TCR-MHC 
interactions. This may represent an extreme example of the model in Figure <>A 
and illustrates how variations in the structure and positioning of the SAG wedge 
provide a means for different SAGS to modulate the degree of TCR-MHC in- 
teractions in the TCR-SAGi>cptf dc/MBC complex. 

Role of the TCR <x Chain in Shtbilization 
of the TCR-SAG-PeptMe/MHC Complex 

There is increasing evidence that the TCR a chain may, in certain cases, play & 
role in stabilizing the TCR-SAG-peptidc/MHC complex and thereby influence 
T cell reactivity 1o bacterial or viral SAG* (5, 142, 159). For example, it was 
shown that V«4 Is expressed by Vfi$* Tccll hybridomas thatrcactwith SEB but 
not by Vfi6+ hybridoma? that do not respond to this SAG (160). Transection 
experiments demonstrated that the Vw4 c< chain transferred SEB responsive- 
ness regardless of whether the V£<5 chain was derived from a responsive or 
nonrcsponsive hybridoma (Nil ), These effects of the TCR* chain on Tceli ac- 
tivation by SAGs may be mediated through an interaction between V<y and the 
MHC class II ft chain (5, !42 3 )6l, 162). Thus, mutations at position 77 of the 
I-E* p chain (141) and ai positions 11 and Si of HLA-3DR1 j5 chain (140) were 
found to greatly reduce the T cell response to SEB without affecting binding 
of the SAG to MHC class fl, which suggests contacts to fee TCR, In addition, 
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die affinity ofSEB for a soluble hwnau TCR was observed to be significantly 
enhanced by the addition of soluble HLA-DRJ (109), These recite rosy be 
understood in terms of the model of the TCR~$E8~pcpUde7MHC complex in 
Figure 6/3 Jn which the V<x domaiu of the 2C TCR is predicted la interact with 
(hcMSC/H hcUx. A close-up of putative contact* (<4 A) between V« CDIU 
residues ScrSl , Gly52, and A$p53 and the class E & chain residues Asp76 and 
ThfJl is shown in Figure 7^ (see color plates). Thus, the over*)) stability of 
the TCR-SAG-peptjde/MHC complex is probably determined by the combined 
strengths of three separate sets of interactions: TCR£ chain-SAG, SAG-MHC 
« chain, and MHC p chain-ICR cc chain . 

The preferential expression of certain Varcgions among SAG^rcactiveT cells 
has been interpreted as evidence that these particular V«« intend with MHC 
more favorably than do other Vas during $ AG-mediated T cell activation 
(S, 142, 159-161), The availability of crystal structures for several ocfl TCR 
hetcrodimett (29-3 i, 33) allows au examination of the possible effects of dif- 
ferent TCR cc chains on Va-MHC interactions id the TCR-SAGi>cptidc/MHC 
complex. By superposing the V/? domain of the M.3.d /J-SEB complex onto 
toe Vp domain ofFCR A6(33), Nl 5 (3 1), or KB5-C20 (30), as described above 
for the 2C TCR, it is apparent that the extent of interaction between the V* 
*nd MHC 0 1 domains ia the TCR-SEB-peptldc/MHC complex depends mostly 
on the relative orient* tjoa of Va and V/? domains in each TCR bctcrodimcr, 
Because the variability in the aeomclry of Vor/V/3 association among these 
TCRs is considerable (2, 31), large differences arc observed in the extent of 
V«~MHC £ I interactions. These are illustrated in Figure 7, For the 2C TCR, 
asdiscusscd above, Vor CDJL2 Serf l> GlyS2, and Asp53 arc predicted tocontacl 
MHC ft i A*p7<$ and Thr77 (Figure 7,4). For the A6 TCR, V« CDlU Gln30, and 
CDR2 TyrSO, Ser51 and Asn52 contact MHC ft I GW9, A!a73, Asp?«, Thr77, 
and Hi$81 (Figure JB), ForthcNl$ TCR, V<s CDR1 Uu29 and CDR2 Thr51 
contact MHC 0 1 Ala73, Thr77, and HisSJ (Figure 7C), For TCR KB-C50, no 
contacts arc predicted because of the particular geometry ofVa/V0 association 
of this TCR (not shown). In all cases where contacts between and the MHC 
molecule are expected to occur, however, these involve Va CDR2 and residues 
on the MHC fil helix pointing away from die peptide-binding groove. Thus, 
depending on the geometry of V&Np association and on the structure of the 
V* CDR2 loop, Var-MHC class IK interactions may (*) contribute to slabbing 
the TCR'SEB'pcptide/MHC complex and tbn increase reactivity toward the 
SAG, (b) have no net effect on complex Stability and not affect reactivity, or 
(c) dcstabilTfcc the complex through unfavorable contacts and thereby decrease 
reactivity, in this way, the TCR ct chain may modulate the level of activation 
by SEB of T cells expressing the same V/J but different Vors, 
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POTENTIAL THERAPEUTIC APPLICATIONS 
OFSUPERANTIGEHS 

Because bacterial SAGs arc such extremely potent activators of the immune 
system, efforts arc currently underway in a number of laboratories to engineer 
them for therapeutic applications (i«). Knowledge of the fcrec-dimcsional 
structure of SAOs, and Of their binding sites for ICR and MHC, may be used to 
design valiants with altered binding properties toward these ligands, resulting 
in desired biological effects. The potential applications of SAG derivatives 
include cancer immunotherapy and the treatment of infectious and autoimmune 
diseases. 

The recruitment of antigen-specinc cytotoxic T lymphocytes (CTU) is a ma- 
jor goal for the immunotherapy of malignant tumors, Howcver T tbc frequency 
of rumor-specific CTU is generally too low to interfere with progressive tu- 
mor growth. An attractive approach for immunotherapy is to use antibodies 
specific for tumor-associated antigens to target large numbers of T cells to 
the tumor. Taking advantage of tlic ability of SAGs to activate large pop- 
ulations Of T cells, chemical conjugates of SEA and the colon carcinoma- 
reacting monoclonal antibodies (mAbs) CHS or C242 were shown to mediate 
T ecH-dcpendent destruction of colon carcinoma cells lacking MHC class H 
molecules (164). The SEA-mAb-media1cd cytotoxicity was MHC class H 
independent and did not require antigen-specific effector CTLs. In subse- 
quent wk ( b recombinant fusion protein of SEA and the Fab region of the 
C215 mAb was found to efficiently target T cells to lyse C215 + MHC class 
Il-ncgativc human colon carcinoma cells (165), Treatment of mice carrying 
BI6 melanoma cells expressing transfected C215 antigen resulted In £5-99% 
inhibition of tumor growth and allowed long-term survival. In similar exper- 
iments, SEA bound to specific anti*carcinoma cell or auti-gangliosidc GD2 
mAbs displayed T ceH-Tncdiatcd cytotoxicity toward MHC class H-negative 
lymphatic leukemia cell lines or neuroblastoma cells, respectively (105, 167), 
The demonstration of a Zn^-dcpcndcnt MHC class II binding site with high 
affinity in the large domain of SEA (14, 12?, 129), wbich is distinct- ftom the 
low-affinity SEB-lftc binding site in the small domain, prompted the introduc- 
tion of a point mnta! ion <A$p227 -» Ala) in the higb*aflnuly silo in order to 
lower the systemic toxicity of Fab-SEA conjugates (l<>fl>. Thus, after treat- 
rocnt with Fab-SBA Asp227 ~* Ala, a 100- to 1000-fold reduction in scrum 
levels of and TTvF was observed in mice compared with the wjjd-type 
conjugate, without affecting anti-mrnor activity, These results suggest thatbac* 
tcrial SAGs can be converted into tolerable Immunotoxms for cancer therapy 
(169). 
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Inactivated forms of SAGs might be useful as vaccines to protect against 
staphylococcal or streptococcal toxic shock. Mutant? ofSEB that do not bind 
TCR do not induce T cell proliferation and therefore do not cause toxic shock 
(170). Animals immunised with rmu&nts of SEA with attenuated binding to 
TCR or MHC class H developed high tilers of anti-SEA antibodies and were 
fully protected against challenge with the wild-type toxin (173), Forroalinfoed 
S8B toxoid-containing microspheres have been tested for efficacy in rhesus 
monkeys as a vaccine candidate for respiratory toxicosis and toxic shock (172), 
Protective immunity correlated with antibody levels to both the circulation 
end the respiratory tract. Similar results were obtained with intranasal or in- 
tramuscular immunisation by using meningococcal outcr^membraac protein 
profeftsoroe-SEB toxoid. Tl*c protcosomc-S&B toxoid vaccine was efficacious 
in protecting i(MJ% of monkeys against severe symptomatology and death from 
acrosoliSfcd-SEB intoxication (173). 

T celt activation by SAGs is generally followed by the disappearance or 
innervation of the respond iagT cej Is, resulting in clonal deletion of cells bearing 
specific Vf? elements (3,4), Chronic exposure to low concentrations of SAGs 
permits clonal deletion to occur directly, without the cells first passing through 
a mate of hyperactivity (174, 175). In mice with EAH or lupus nephritis, both 
of which serve as models for human autoimmune diseases, treatment with SEB 
resulted in a reduction in symptoms or in a cure of llie disease (176-1 79). in 
both models, autoimmunity is known to be mediated by self-reactive T cells 
expressing a single V0 clement (mouse VflZ) t such that the effect of the SAG 
most likely results from the specific elimination of pathogenic T cells bearing 
that particular V/3. These experiments suggest that SAGs could potentially 
be used for dtc prevention of autoimmune disease by selectively eliminating 
specific T cell population In cases where T cells from several V/f famines 
might be involved in the disease process, SAGs engineered to recognize these 
V/Js could be used for therapy. Knowledge of the three-dimensional structure 
of TCR-SAG complexes should facilitate the design of SAGs with predefined 
V/) specificities. 

A number of concerns must be addressed, however, before SAGs can be used 
as therapeutic agents (ISO). Administration of SAGs may lead to the release 
of dangerous levels of cytokines such as Tr>T f result jug in toxic shock. In 
addition, in3dverrcni stimulation of autoreactive T cells could trigger autoim- 
mune disease, It appears likely, however, (bat the systemic toxicity of SAGs 
can be dissociated from the supecantigcuic effects of these molecules through 
structure-based genetic engineering, as described above for SfiA-Fab conju- 
gates (16$) and SEA vaccines (3 71). Similarly; mutations of TSST* 3 havebeen 
described that alter either lethality or supcrantigemcity, without significantly 
affecting the other property (181 -1 33). 
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FUTURE D3&ECTJONS 

Although the X-ray cijstallogtaphic studies described above represent irupor- 
taol advances in our understanding of SAG interactions with TCR and MBC P 
the apparent diversity of these interactions cicely illustrates the need for fur- 
ther work in this area. For example. TSST-I binds differently lo MHC class 
« molecules than does S£B (Figure 1) (122-1 24), and its interaction with die 
TCR presumably differ? as well. Unlike SBB and TSST-1 T which havconly one 
class H-binding site, mutagenesis and biochemical experiment indicate that 
SEA has twosucb sites (127-129). However, because Ihe crystal structure of an 
SEA-MKC class II complex has not been dctcrmiucd p the precise locations of 
these sites are unknown, S&D and SPEC crystallize as homedimctt (IS-I6), 
which may facilitate TCR oligomcrization and T cell triggering. However, 
X-ray crystaUogjapbic studies are required to elucidate Ifce geometry of Ihe 
putative SBDJCR^ SED^MHC* SPEC^CR^ and SPfiC^MHC^ tetramers. 
Our knowledge of SAO structure is currendy limited to the staphylococcal 
and streptococcal pytogenic toxins £M6) and to a siaphylococcal exfoliative 
toxiu (17, 18), Ho structural infcrmation is amiable &r SAGfc produced by 
mycoplasma, such as MAM (J9) T or by viruses (22-2$), including the much- 
studied MMTV SAGS, Human endogenous retroviral SAGs that are associated 
with autoimmune diseases (26) may become a focus of future attention. Fi- 
nally, the structures of enrftc TCR-SAG-MHC complexes roust be dctcrmhicd 
in order to define experimentally the putative Ver-MHC intcracuons disciwsscd 
in this review. 

X-ny cry?laHoj$r*phic studies of TCR-SAG, SAG-MHC* and TCR-SAG* 
MHC complexes will open die way for the design of SAG variants with altered 
binding propeltjcs for TCR and MHC for use as tools in dissecting structure^ 
activity relationships in ibis system. The relative contributions of TCR-5AG 
ami SAG-MRC interactions to T cell stimulation can be defined by engineering 
panels of mutant SAG* with both higher and lower affinities for TCR and MHC 
than the wild-type toxins have, It has been shown that SAGs mimic die interac- 
tion of peptide/MHC complexes with (he TCR in terras of affinities and kinetics 
(I0M 12), It remains to be established, however, whether tocre is an optimum 
affinity for T cell activation by SAGs (or by pepudc/MHQ, as predicted by 
ihe serial triggering (1 18,119) and kinetic proofreading (120) models of T coB 
activation, such Ibal SAGs with either higher or lower affinities than this opti- 
mum value exhibit decreased ability to stimulate T celts. Akcruadvcly, SAGs 
with progressively higher affinities for the TCR relative to (be *itd type may 
stimulate T cells increasingly well, until some plateau of maximum sUmulation 
is attained. Mutants with altered affinities for the TCR can be used to dis- 
tinguish between these possibilities and thereby define the affinity and kinetic 
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parameters governing T ceil activation by SAG?. The role, if any, of coopera- 
five iniaacliottt involving the ICR « chain in s&bilizm TCR-SAG-MHC 
cctnpte c&n \>e similarly addressed. By thus combijiiiig X-ray crys taUography 
with mutagenesis ar?d binding studies, a comprehensive understanding of die 
physical basis of T ccii activation by microbial SAQs should emerge. 
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